I. INTRODUCTION
Multiferroic materials enable a coupling interaction between ferromagnetic (FM) and ferroelectric (FE) parameters. This magnetoelectric coupling can be utilized to develop additional functionalities that induce magnetization using an external electric field or FE polarization using an external magnetic field. BiFeO 3 
(BFO) has a high antiferromagnetic (AFM)-paramagnetic (PM) Néel temperature at T N ¼ 352-397
C and an FE Curie temperature at T C ¼ 810-870 C. 1, 2 An R3c rhombohedral structure (a R ¼ 5.616 Å and a R ¼ 59. 35 ) was reported for bulk BFO, 3 and can also be indexed based on the pseudo-cubic lattice (a p ¼ 3.96 Å ). 4 The neutron diffraction of BFO suggested an FE rhombohedral-paraelectric (PE) orthorhombic transition at T C % 820 C. 5, 6 It has been a challenge to synthesize single-phase BFO ceramics with substantial electric polarization due to current leakage. 7, 8 To enhance the FM and FE features, many studies have focused on BFO ceramics with substituted ions in the A and=or B sites of the perovskite structure. [9] [10] [11] A-site substitutions of rare-earth cations are expected to suppress the spiral magnetic modulation and enhance a, FM response. 6 NdFeO 3 is known to be an orthorhombic structure with a G-type AFM Néel temperature at T N % 487 C. 12 From the x-ray diffraction (XRD), orthorhombic and triclinic structures were proposed in Bi 1-x Nd x FeO 3 ceramics for x ¼ 0.4-1.0 and x ¼ 0.2, respectively. 12 Triclinic and pseudotetragonal structures were proposed in Bi 1-x Nd x FeO 3 for x ¼ 0.05-0.15 and x ¼ 0.175-0.20, respectively. 13 An XRD result revealed a first-order antiferroelectric orthorhombic (Pnam)-PE orthorhombic (Pbnm) transition in Bi 1-x Nd x FeO 3 ceramics for 0.10 x 0.25. 6 
II. EXPERIMENTAL PROCEDURES
The BiFeO 3 (BFO) and (Bi 0.95 Nd 0.05 )FeO 3 (BFO5%Nd) ceramics were prepared by the solid state reaction method. For the synthesis of BFO, Bi 2 O 3 and Fe 2 O 3 powders (purity ! 99.0%) were weighed in a 1:1 molar ratio and then mixed in an agate mortar for more than 24 h using alcohol as a medium. The mixture was dried before calcining at 800 C for 3 h. The calcined powder was mixed with polyvinyl acetate as a binder for granulation, and was then pressed into a disk before sintering at 750 C for 1 h. For BFO-5%Nd ceramic, Bi 2 O 3 , Nd 2 O 3 , and Fe 2 O 3 powders were weighed in a 0.95:0.05:1 molar ratio. The sintered temperature and dwelling time are 860 C and 2 h. The real (e 0 ) and imaginary (e 00 ) parts of the dielectric permittivity were obtained by using a Wayne-Kerr Analyzer PMA3260 A upon heating. Figure 1 shows room-temperature XRD and SEM spectra of the BFO and BFO-5%Nd ceramics. The BFO and BFO-5%Nd show a similar XRD spectrum and have a rhombohedral structure. Very minor second phases occur in BFO and BFO-5%Nd, and are possible Bi 25 FeO 39 or Bi 2 Fe 4 O 9 , as indicated by an asterisk. 3 The BFO-5%Nd exhibits less second phase, suggesting that the Nd-substitution can stabilize the single-phase perovskite structure. The grain sizes of the BFO and BFO-5%Nd ceramics vary as 0.5-2.0 and 1.0-4.0 lm, respectively, as shown in Fig. 1 .
III. RESULTS AND DISCUSSION
Figures 2 and 3 display dielectric permittivities, conductivities, and model fits. The results indicate two separate phenomena for both ceramics. A phase-shifted conductivity is evident at higher temperatures (>700 K), where the e 0 =e 00 ratio is about 0.01-0.1 and corresponds to a conductivity phase shift of only a few degrees. A step-like dielectric dispersion in e 0 appears in the region of 500-800 K for f ¼ 10 kHz-1 MHz and is more pronounced in the BFO-5%Nd. The nearly Arrhenius behavior at higher temperatures, plotted as log r To understand the conductivity and dielectric response in terms of temperature and frequency, a one-dimensional barrier model was derived, as illustrated in Fig. 4 , in which B represents the intrinsic barriers spaced a distance, a, apart, where a is on the order of a lattice constant. Here, B þ D are extrinsic barriers spaced a distance, d, apart. The attempt frequency for crossing the barriers is estimated by using ¼ kH=h, where k, H, and h are the Boltzmann constant, Debye temperature, and Planck's constant. We chose H ¼ 300 K, i.e., ¼ 6:25 Â 10 12 Hz. The complex ac conductivity, rðx; TÞ, can be defined as,
where J and @D=@t are the position-dependent conduction current density and displacement current density, however, the total current density, J t , is position-independent; hEi is the spatially averaged measured field. We assume conductivity with a temperature-independent carrier density, n, and carrier charge, q ¼ 2e, for oxygen vacancy carriers, or 6e for hole or electron hopping conductivity carriers. The r 1 ¼ J=E, taking into account that the number of carriers per unit area in a unit-cell layer on either side of a barrier layer is na, and their attempt frequency for crossing the barrier is , can be expressed by, 
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(1) becomes,
where D and q are the diffusion coefficient and charge density. The Einstein relation, qD
To eliminate J and E, the one-dimensional Gauss's law, @E=@x ¼ q=e 1 , and continuity equation, @J=@x ¼ À@q=@t, were used in Eq. (4), then
This equation is separable and we may assume that qðx; tÞ ¼ f ðxÞe ixt . Then, Eq. (5) becomes
The solution is f ðxÞ ¼ Ae ax þ Be Àax . For a neutral material, q(x ¼ 0) ¼ 0 at the midpoint between higher barriers is expected, i.e., B ¼ ÀA. Then, qðx; tÞ becomes qðx; tÞ ¼ A 0 sinhðaxÞe ixt . From here on, the time dependence, e ixt , will be omitted in expressions for q, J, and E. From Eq. (3), the current density, J, at x ¼ d=2 can be expressed by, Jðd=2Þ ¼ r 1 ½Eðd=2Þ À sð@q=@xÞe ÀD=T :
The difference in carrier density across the higher barriers is, qðd=2Þ À qðÀd=2Þ ¼ 2qðd=2Þ; @q=@x ffi 2qðd=2Þ=a: (8) Thus,
where b ¼ ad=2. Using Eq. (3) and @q=@x ¼ A 0 a coshðaxÞ, we obtain,
Then, Eq. (9) becomes,
From Eqs. (10) and (11), we can determine the total current,
The electric field, E, in the interval, Àd=2 < x < d=2, can be obtained by,
Then, the average field E h i can be calculated by
EðxÞdx. By using Eqs. (1), (12) , and (13) 
where a and b are complex. The permittivity, e ¼ e 0 À ie 00 , relates to the conductivity, r ¼ r 0 þ ir 00 , by e 0 ¼ r 00 =e o x and e 00 ¼ r 0 =e o x. As shown in Figs. 2(b) and 3(b) , the low-frequency conductivities, r 0 , of BFO and BFO-5%Nd were fitted fairly well by using Eq. (14), from which the parameters of e (14) with the same parameters as given in Figs. 2(b) and 3(b) . The barrier model predicts peaks whose locations fit very well with the shoulders observed in the region of 500-800 K. The measured peaks are actually shoulders because they are superimposed on upward slopes that probably result from electrode effects not considered in our model. These peaks are considerably broadened relative to the model predictions, probably due to actually having distributions of spacings, d, and barrier heights (B and D).
The conductivity begins to depart from the barriermodel fit near 650 K for f ¼ 1 MHz. Some of this deviation could be caused by magnetoelectric coupling. The synchrotron XRD of the BFO revealed a broad minimum in the rhombohedral angle, a R , near 650 K, due to the changes in the positions of the ions, implying a magnetoelectric coupling effect, 14 or at least a structural change that affects both the magnetic and dielectric behavior. The magnetoelectric effect in BFO measured at 9 T by Kamba et al. 15 was quite small, leveling out at a 0.3% increase in e 0 at 300 K (the highest T reported) after peaking at 1.2% in the 225-250 K range. They attributed it to a combination of magnetoresistance and the Maxwell-Wagner effect, and termed it an improper magnetodielectric effect.
To analyze the experimental results, it is helpful to plot them in several different ways. In Figs. 2 and 3 , and are plotted versus T and 10 3 /T for various frequencies f, respectively.
for BFO and BFO-5%Nd, respectively. These plots are useful for displaying the fit of the barrier model to the data, but not for comparing the resistivity, q 00 , with q 0 at given (T,f) combinations. The correlation between the resistivity, q ¼ q 0 À iq 00 , and the permittivity, e ¼ e 0 À ie 00 is, 
For comparing q 00 with q 0 , we display Fig. 5 which shows log q 00 versus log q 0 for various T, with f points indicated on each curve. The log-log plot is necessary to clearly display all q data because they range over several orders of magnitude.
To make the q 00 versus q 0 plots legible on a linear plot, the resistivity was scaled for various temperatures by multiplying by an exponential factor, using the conductivity activation energies, E a , as shown in Fig. 6 . This scaling achieves an almost perfect fit to a flattened arc at higher f, where the data for different temperatures overlap well to show the entire arc. The impedance represented by the arc is much lower for BFO-5%Nd than for BFO. For lower f, the data overlap on straight lines with a small positive slope at and above 600 K, with steeper slopes for lower T. In circuit terms, this pattern can be achieved by a parallel combination of a resistor, R, and a constant phase element (CPE), in series with another CPE. Physically, the R-CPE parallel combination is usually attributed to ceramic grain boundaries or to defects, and the series CPE to electrode impedance. The CPEs for electrode impedance usually have steeper slopes than are shown in the right-hand parts of Fig. 6 , however, a 3 slope was reported by Biswas et al. 16 for a 0.5M NH 4 OH aqueous solution, which is comparable to the lowest slopes we observed.
The preceding qualitative attribution of the q 00 versus q 0 arcs to grain boundaries or defects can be compared with our model predictions, where the higher barriers, B þ D, can be identified with the grain boundaries or defects. The sample preparation may have a large effect on permittivity in these materials. Dai and Akishige, 17 over their 20 to 130 C range, obtained T and f dependencies of e 0 and tan d similar to ours for BFO annealed in vacuum. However, for BFO annealed in oxygen the behavior was much different, qualitatively similar to that observed by Kamba et al. 15 who reported T and f dependencies for T only up to 300 K.
IV. CONCLUSIONS
The across-barrier model can fairly well describe the low-frequency conductivities of BFO and BFO-5%Nd ceramics, which is responsible for the step-like dielectric relaxation in the region of 500-800 K. Compared with BFO, BFO-5%Nd has a lower intrinsic barrier, B, and a larger carrier concentration, n, indicating a higher conductivity. The deviations of conductivity from the barrier model below 650 K may be associated with the magnetoelectric coupling. The resistivity plots of scaled q 00 versus q 0 implies a parallel combination of a resistor, R, and a CPE, in series with another CPE, which can usually be attributed to grain boundaries or to internal defects, and the series CPE can be attributed to electrode impedance.
